Abstract-Swimming motion of single celled dinoflagellates, Symbiodinium sp, was calculated by using the boundary element method, In the calculation, the propagating helical wave of the transverse flagellum with a membrane is considered. For the thrust rate, the numerical result well agrees with the observation. In our model, the cell body is assumed to rotate to the opposite direction of the wave propagation to balance the total torque. The cell rotation was observed from two directions to compare with the above obtained numerical result. The rotational direction is opposite to that in the prediction.
INTRODUCTION
Dinoflagellates are a kind of algae in the freshwater or marine water. They play important roles in the ecological system: some kinds of them are photosynthetic, symbiotic with coral, and can cause red tide. These activities are associated with their phototaxes, geotaxes, and their motility, which have interested many biologists and physicists for decades.
Dinoflagellates swim in aqueous medium as fast as ~100 micrometers per second, ones of the fastest swimmers. They swim by using two flagella: a transverse flagellum encircling the cell and a longitudinal one trailing perpendicular to the transverse flagellum. The role of each flagellum is, however, not clarified quantitatively. It is partly because of the diversity in the species of dinoflagellates, and partly because of the difficulty in observing their swimming motion. Lighthill has reported that typical dinoflagellates propel themselves by using longitudinal flagella, and that they beat transverse flagella to cancel the torque generated by the undulation of the longitudinal ones [1] . Another report says that some kinds of dinoflagellates use their transverse flagella to rotate themselves around their length axes, while they use longitudinal ones for their translational swimming [2] . On the other hand, LeBlond and coworkers have proposed propulsive mechanism of dinoflagellates by transverse flagella [3] . Miyasaka and coworkers have also proposed propulsion by transverse flagella; they observed the swimming motion of Prorocentrum minimum cells with a high-speed video to obtain detailed shape and motion of transverse and longitudinal flagella [4] , which was then analyzed by using the resistive force theory, resulting in propulsive thrust by a transverse flagellum [5] .
The boundary element method (BEM), which can be adapted to arbitrary cell shapes. Fluid flow associated swimming of microorganisms is often analyzed with BEM [6] , where the velocity field and swimming speed are precisely calculated. In this study, role of a transverse flagellum in swimming motion of a dinoflagellate Symbiodinium is investigated by using BEM analysis, where the cell is modeled according to the observation. Symbiodinium cells, a kind of dinoflagellate used in this study, have size of 10 micrometers and swim as fast as several hundreds of micrometers per second. The swimming trajectory of a Symbiodinium cell has two types: straight (slightly helical) and circular. It is not known what determines the swimming mode of the two types.
We also conduct microscopic observation to verify the calculated propulsion and rotation based on the boundary element method (BEM). Such observation is difficult by the following reason. Rotational direction of the cell cannot be determined by one objective lens, since the cell is transparent and appears to rotate both directions according to the position of the focal plane. When the focal plane is in front of the cell, apparent rotation of the cell reflects the motion of the cell body in the front side. If the focal plane moves to behind of the cell, the rotation reflects the motion of the cell body in the behind. Therefore, a rotational motion appears just opposite between front and behind focal planes. To solve this problem, we have developed a microscope that enables us to observe cells from two directions. Fig. 1 , a cell body is short broad dumbbell-shaped and slightly elongated into the longitudinal direction. In the electron micrograph in Fig. 2(a) , a transverse flagellum has a helical shape, with the helical axis forming a circle around the cell body. In Fig. 2(b) , a membrane can be seen between the cell body and its helical transverse flagellum. The size of a cell body is approximately 10 m and the radius of helical flagellum is approximately 1 m. In order to investigate roles of each flagellum, we observed the swimming motion of Symbiodinium cells without either flagellum. Transverse and longitudinal flagella can be removed by sonication and a vortex mixer, respectively. The observed region is in the vicinity of a surface because they are easy to be in focus there. Swimming trajectories are all clockwise circles in each kind of cells, viewed from the suspension to the surface. A Symbiodinium cell without a longitudinal flagellum can swim as well as the intact cell, while without a transverse flagellum, it does not swim forward and only turns around at the same position (manuscript in preparation).
II. METHODS

A. Shape and motion of a Symbiodinium cell
High-speed movie reveals that the transverse flagellum has a left-handed helical form, the wave of which propagates right (the swimming and propagating directions are in the relation of the propelling righthand screw, see Fig. 1 ), seeming that the entire "rigid" helix rotates around the cell body without any deformation. Speed of propagating wave is 6.5 turns around the body per 1 second. Translational swimming speed is 180 m/s in average.
B. Cell model
The cell model in this study was constructed based on the observed result above. In our model (see Fig. 3 ), a cell body of a Symbiodinium cell was represented as a sphere with a radius of 5 m. A transverse flagellum was represented as a left-handed helix around the equator of the sphere, with pitch of 1/7 turns around the body. Other parameters used in our model are shown in Table 1 . If the helical axis of circular shape is on the xy plane with its center at the origin, the position vector of transverse flagellum ) ( 0 u r is described as where the range of the parameter u is 0  u  2. The position of the helical axis of transverse flagellum was set so that this axis and the equator of the cell body were concentric and on the same plane. A membrane Characteristic parameters of our modeled cell are shown in the figure. As for the values of these parameters, see Table 1 . was assumed to be stretched between the transverse flagellum and the equator so that the membrane was straight in the radial direction. In our calculations, we set a gap between the cell body and helical membrane, d, which does not exist in real organisms, as described below. According to the assumption above, position vector of the membrane ) , ( v u r can be described as
where v takes the value of 0  v  1. Three-dimensional representation of the membrane described in eq. (2) is shown in Fig. 4 . All of the seven wider parts of the membrane are tilted in the same way. It is expected that when the helical wave propagates to the direction as indicated by the arrow in Fig. 4 , these wider parts of the membrane produce thrust toward the front side perpendicular to this paper, indicated in the figure. Little thrust will be produced if there is a transverse flagellum alone and no membrane. To validate this assumption, we set a parameter  (0    1) to vary the area of the membrane; if there is only a transverse flagellum and no membrane,  is equal to zero.
C. Boundary element method
The numerical method was based on boundary element analysis, which is detailed in Ref. [7] . Because the size of the cell is on the order of 10 m and swimming speed is 10 2 m/s, the Reynolds number of the associated fluid motion is 10 -3 . The fluid motion is therefore governed by the Stokes equations,
where u(x) and p(x) are the velocity and pressure at the point x, respectively, and  is the viscosity of the fluid.
As the boundary condition at infinity, zero velocity and constant pressure are set. Both the cell body and membrane are assumed to be rigid bodies and the membrane rotates relative to the cell body, though the membrane does not actually rotate but the helical wave only propagates. A nonslip condition was applied to the surface of the cell. For these conditions, the velocity of each point on the surface of the cell can be expressed as:
where U is the translational velocity at the center of the cell,  is the cell body angular velocity,  is the relative angular velocity of the membrane to that of the body, and the origin of the vector x is chosen at the center of the cell body. Equations (3) are integrated to obtain the boundary integral equation
where
is the traction, and (x, y) is the traction expressed by v(x, y) instead of u(x). Obtained t(x) on the cell is used to deduce U and  taking into account the balance in net force and torque on the cell. Isoparametric quadrilateral elements with eight nodes were adopted to create a boundary element model of a Symbiodinium cell. In the mesh used in this analysis, there were typically 140 elements (422 nodes) for the cell body and 156 elements (470 nodes) for the membrane.
In this method, if the cell's shape and  are given, U and  are obtained under the condition that there is no external force and moment on the cell. Due to these circumstances, we introduced the gap d in Fig. 3 ; if d were equal to zero, the boundary condition (4) would not be fulfilled at the joint between the cell body and the membrane. We chose d = 0.5 m to avoid the infinite shear flow.
D. Three-dimensional observation
Symbiodinium cells are easy to be cultured by putting them in culture deep seawater for small seaweed of "petit-mo" (umi no kenkyu-sha, Japan) and being irradiated with white light of ~ 1000 lux for 14 hours a day. Figure 5 shows a schematic illustration of the Fig. 4 Three-dimensional representation of the membrane described in eq. (2), where R = 5 m, rf = 1 m, w = 0.5 m, d = 0.5 m, and c = 7. It is expected that when the helical wave propagates in a counterclockwise manner as indicated by the arrow, the cell swims toward the front side perpendicular to this paper, indicated in the figure. . Working distances of these lenses are long enough for the two objectives to have the same focusing point without mechanical interference. Two video images are synchronously recorded in a hard disk using a dual-head high-speed camera (VFC-25M, FOR-A, Japan). Figure 6 shows the chamber for the observation. The observed space is thin planar region that consists of thin cover glasses (thickness: 0.12-0.17 mm, Matsunami, Japan). Thinness of the observed region and the cover glass is necessary to reduce irregular light reflection to the objective lens. Positional relationship between this chamber and the objective lenses is shown in Fig. 7 .
The optical axis of the objective lens of vertical and horizontal direction is orthogonal and parallel to the glass planes, respectively. Figure 8 shows the observed images of the same region by our microscopy. The origins of the common axes (y-direction) coincide. From these images, it is verified the same space is observed by the two objective lenses; the cell in the bottom of Fig. 8(a) corresponds to that in the left of Fig. 8(b) , and the one in the top-right in (a) corresponds to that in the right of (b) with a blurred contour. Liquid-air and liquid-glass interfaces are seen in Fig. 8(a) and (b) , respectively. For more information, see the supplementary movie S1.
III. RESULTS
A. Numerical result
We compare the swimming speed of our cell model with that of the observed cell. First, whether the dimensions of the modeled membrane are proper is verified. Calculated translational velocity U has approximately the same direction as input angular velocity , that is, the helical wave propagates and the cell swims forward as in Fig. 1 .  has the opposite direction to  with the absolute value comparable to . In our method, translational velocity U and angular velocity  are proportional to the input angular velocity  due to the linearity of eqs. (3). When we use the symbol U to denote |U| and do the same for || and ||, the quantity U/(), referred as thrust rate below, means the swimming distance in one turn of the membrane. Figure 9 shows the thrust rate for cell models with various radii of helical membrane r f . Observed thrust rate is 25 m/turn in average, which is the same order as calculated results.
In order to confirm existence of a membrane between a transverse flagellum and a cell body, we calculate the thrust rate of our cell model with and without a membrane. For the model without a membrane, we chose  = 0.01 and r f = 2.5 m, where the width of membrane is comparable to its thickness (ca. 0.01 m). The model without membrane has thrust rate of only Figure 10 shows image sequences of a swimming Symbiodinium cell observed from two directions with time interval of 0.1 second. In the figure, the cell swims toward +x direction (see (a)) and rotates to the counterclockwise direction (see (b). For more information, see the Movie S1.). From these, relationship between swimming and rotational directions is that between the propelling and rotation of right-handed screw. Transverse flagellum is also observed in the Fig. 10 , where the rotational direction is the same as the cell rotation. The motion of the cells is shown in Movie S1.
B. Observed result
IV. DISCUSSION
The obtained results above are based on the assumption that the rigid cell body and membrane rotate relative to each other, different from an actual Symbiodinium cell. Nevertheless, calculated thrust rate U/() is in agreement with the observed result. It is velocity of the elements of the membrane to the ambient fluid that contributes propulsive thrust of the cell. It can be said that our model cell has proper dimensions.
Calculation result for various values of  (portion of the membrane, see section II.B. and III.A.) indicates that membrane between a cell body and a transverse flagellum is necessary for translational swimming of a Symbiodinium cell. Propagation of helical wave along the membrane provides the effective propulsion of the cell. It also can be inferred that only a transverse flagellum without any membrane could not produce effective propulsion because the forward thrust force is just canceled by the backward one due to the symmetry of the flagellum. With respect to the rotation rate of cell body , there is considerable difference between our observation and simulation. In the observation, when a Symbiodinium cell swims by using its transverse flagellum, a cell body rotates little with its longitudinal axis. In contrast, and  are comparable in our calculation. Assumption of spherical cell body may be a cause for this difference. Dumbbell-shaped cell body might reduce the opposite rotation to the membrane due to balance in torque. Rotation of the entire rigid membrane may be the main cause of the large torque. Elastic membrane model without entire rotation may solve this problem.
Observed motion of the cell is different from the calculated result with respect to the rotational direction. The assumption that the rotation of the cell and beating of the transverse flagellum take balance in torque is denied by the observation. The total torque may be canceled by the beating of a longitudinal flagellum. The ratio of the swimming speed to the angular velocity of the cell U/ is also different; 2.78 m/turn in the calculation and 19 m/turn in the observation.
V. CONCLUSION
Swimming motion of a dinoflagellate Symbiodinium is investigated by using BEM method and threedimensional observation. A model membrane assumed between a cell body and a transverse flagellum explains a mechanism of thrust by the propagation of helical wave of a transverse flagellum. However, our prediction that rotation of cell body balances with the torque generated by the helical membrane is denied by the observation result; the rotation of the cell and the propagation of the helical wave in the transverse flagellum have the same direction. Other mechanism is to be considered for the balance in torque: for example, beating of the longitudinal flagellum or helical membrane with free surface to generate little torque.
